Heat shock protein 90 (Hsp90) and B-Raf are validated targets for anticancer drug discovery. Although there is strong evidence that concomitant inhibition of Hsp90 and B-Raf may provide significant therapeutic benefits, molecules endowed with dual activity against the two targets have not been reported. For the first time, we show that Hsp90 and B-Raf inhibitors have overlapping chemical space and we disclose the first-in-class dual inhibitors. The compounds were identified through a computational strategy especially devised for detecting ligands with dual-target activity. Although the two targets had only remote binding site similarity, we were able to identify dual inhibitors with well-balanced in vitro potencies and relatively low molecular weight. Remarkably, they also inhibited the V600E mutant form of B-Raf with similar potency. This study provides the first direct proof that designing dual ligands of Hsp90 and a kinase is possible, thus opening the way to new interesting possibilities in drug discovery.
Introduction
Hsp90 and B-Raf are two established anticancer drug targets. Hsp90 is an ubiquitous molecular chaperone responsible for the assembly and regulation of many signal transduction and regulatory client proteins. 1 Hsp90 refolds, stabilizes and regulates the trafficking of many proteins involved in uncontrolled proliferation and apoptotic resistance, including multiple protein kinases, steroid hormone receptors, mutated p53, survivin and others. 1, 2 Mapping of the interaction network of Hsp90 clearly demonstrated that this chaperone is a key node in multiple pathways and cellular and disease processes. 3 Interestingly, many mutant and overexpressed oncoproteins are client proteins of Hsp90. 1, 2 Unfortunately, despite the availability of a large arsenal of Hsp90 inhibitors belonging to different chemical classes, none of them has yet been approved as a drug, due to non-optimal safety proles or lack of efficacy. 4,5 B-Raf is a member of the Ser/Thr protein kinase family involved in the MAPK signaling cascade, which plays a pivotal role in the regulation of many essential cell processes such as signal transduction, cell proliferation and cell survival. 6 Activating mutations in B-Raf such as V600E bypass the regulation of MAPK signaling pathway and stimulate uncontrolled cell proliferation. 7 This poses a great challenge for therapeutic intervention because B-Raf mutations are associated with resistance to conventional chemotherapeutic drugs. Although a few B-Raf inhibitors have received approval for the treatment of certain types of cancer, responses are oen temporary, rarely complete, and restricted by the onset of drug resistance. 8 Therefore, there is a pressing need to develop new drugs with improved clinical proles.
Notably, both B-Raf and B-RafV600E are client proteins of Hsp90. 1,2 Therefore, inhibition of this chaperone would contribute to degradation of B-Raf and mutant B-Raf. 9 Importantly, several recent studies demonstrated that combinations of various Hsp90 and B-Raf inhibitors provided signicant synergistic effects. [10] [11] [12] [13] [14] [15] Indeed, drug combinations based on Hsp90 and B-Raf inhibitors (such as AT13387 and dabrafenib, or XL888 and vemurafenib) are currently under evaluation in clinical trials against mutated melanoma (http://ClinicalTrials.gov identiers: NCT02721459, NCT02097225, NCT01657591). In addition, inhibition of Hsp90 may be effective in patients with intrinsic or acquired resistance to RAF inhibitors. [10] [11] [12] [13] [14] [15] Finally, B-Raf inhibitors may paradoxically activate the MAP kinase pathway, and inhibition of Hsp90 may help overcome such resistance mechanisms. 16, 17 Therefore, although drug development has been focused on targeting Hsp90 and B-Raf independently, considerable evidence has accumulated indicating that a combined inhibition of the two targets may be clinically relevant.
Despite the high therapeutic relevance of combination therapies, a single molecule with dual activity may show potential advantages, including but not limited to superior efficacy, a more predictable pharmacokinetic prole, and lower toxicity. 18 In light of all these considerations, we reasoned that a multitarget drug, i.e. a small molecule that is able to hit multiple targets, should be of particular interest. This concept is in line with polypharmacology, which potentially limits drawbacks arising from the use of a single-target drug or a combination of multiple drugs. [18] [19] [20] To the best of our knowledge, this possibility has not been explored in Hsp90 and B-Raf, and molecules endowed with dual activity are not available. Although the design of dual inhibitors of Hsp90 and B-Raf is hampered by the fact that the binding sites of the two targets signicantly differ, we recently presented evidence from structural and computational analysis that inhibitors of Hsp90 and various kinases display at least remotely similar protein-ligand interaction patterns. 21 These insights also motivated the search for dual inhibitors of Hsp90 and B-Raf. To these ends, a combined ligand-and structurebased virtual screening protocol was devised, which enabled the identication of the rst-in-class compounds with dual activity. Remarkably, the compounds were also active against mutant B-RafV600E. This study provides the rst evidence that Hsp90 and B-Raf inhibitors share a common chemical space, a nding that may open new avenues for future drug discovery.
Results and discussion
The analysis of available X-ray structures of Hsp90 and B-Raf in complex with various inhibitors (see Experimental and ESI sections †) identied two active compounds containing a similar scaffold ( Table 1 , Fig. 1A and S1 †) including 3RR (Hsp90 inhibitor) and L1E (B-Raf inhibitor). This scaffold was involved in well-dened interactions with both targets. Therefore, on the basis of visual inspection of the co-crystallized complexes of these inhibitors, a simple pharmacophore model was generated comprising a hydrogen bond donor, a hydrogen bond acceptor, and an aromatic center (Fig. 1B) . The donor and acceptor formed hydrogen bonds with the hinge region of B-Raf and residues Asp93 and Thr184 of Hsp90. 22, 23 In addition, the aromatic feature centered on the phenyl ring was involved in hydrophobic contacts with both targets. Visual inspection of the two X-ray complexes suggested that the inclusion of pharmacophoric features derived from the larger ligand L1E that are not shared by 3RR would have probably resulted in large solvent-exposed moieties in Hsp90 structures. Therefore, such features were not included.
A substructure search was carried out to pre-select a subset of 15 167 database compounds based on the Hsp90/B-Raf inhibitor scaffold shown in Fig. 1A . The obtained library of compounds was subjected to pharmacophore-guided docking to both targets, in order to prioritize compounds establishing the key interactions discussed above, leading to the selection of 20 candidates for dual inhibition, which were prioritized by comparing target-based docking ranks and visual inspection.
Evaluation of the candidate compounds in Hsp90 and B-Raf enzyme assays identied two dual inhibitors with micromolar activity against both targets. Fig. 2 shows the structures of the newly identied dual inhibitors, and their activities are reported in Table 2 . Dose-response curves for these compounds are shown in Fig. S2 and S3 of the ESI. † Both compounds contain a thieno[2,3-d]pyrimidine scaffold and are distinguished by substitutions on the attached phenyl ring. 24, 25 The compounds were also tested in an orthogonal assay to demonstrate that they did not elicit false-positive signals ( Fig. S4 †) .
Putative binding modes of the dual inhibitors in Hsp90 and B-Raf are shown in Fig. 1C and D, respectively. In Hsp90, both compounds are likely to form a hydrogen bond network with Asn251, Asp93, and Thr184. The dimethoxyphenyl moiety of 1 and the corresponding chlorophenyl moiety of 2 are likely to form hydrophobic contacts with several residues including Leu107 and Phe138. This binding mode was consistent with the crystallographic structure of a Hsp90 inhibitor containing this scaffold ( Fig. S5 †) . 25 In B-Raf, the amide group of the inhibitors is thought to hydrogen bond to the hinge residue Cys532. In addition, the cyano group and the differently substituted phenyl ring are proximal to residues of the DFG motif.
The two inhibitors were also tested on the mutant B-RafV600E, and were both found to be active with IC50 values comparable to, or better than, those obtained for wild type B-Raf ( Table 2 , Fig. S2 †) . These ndings were considered particularly signicant because B-RafV600E is a known escape mutant for therapeutic intervention.
Another advantage of the newly identied dual inhibitors is that they are small in size. We note that chimeras with dual activity are generally sought by merging two ligands with a suitable linker. This inevitably increases molecular weight, which may not only increase the likelihood of promiscuity, but also lead to poorer ADME/PK properties. 20 By contrast, the newly identied inhibitors leave considerable room for further chemical optimization. For example, analysis of the predicted binding modes suggests that modications at the phenyl ring of 1 and 2 may provide valuable opportunities for dual activity optimization. Larger groups are sterically tolerated and could provide additional van der Waals contacts with both targets. Moreover, polar substituents in meta-or para-position may provide additional hydrogen bonds with the backbone of Phe138 in Hsp90 and with Lys483 and Glu501 in B-Raf. These interactions have been observed in several Hsp90 and B-Raf crystal structures (e.g. PDB codes 1OSF and 2QG0 for Hsp90, and 3D4Q, 3PPK, and 3OG7 for B-Raf). Moreover, the cyano group is solvent-exposed in B-Raf and is not required for Hsp90 activity, 25 and could be replaced with other small hydrogen bonding groups. While chemical optimization is beyond the scope of the present work, the identied dual ligands constitute valuable starting points for further drug development.
Conclusions
In conclusion, we have reported on the identication of the rst Hsp90 and B-Raf dual inhibitors and provided proof of concept that Hsp90 and B-Raf kinase inhibitors have overlapping chemical space. The identied compounds share a thieno [2,3-d] pyrimidine scaffold that is also found in other Hsp90 and B-Raf inhibitors but has never been reported to represent compounds with dual activity. Interestingly, both targets belong to different families and adopt different folds. Binding site similarities estimated with a method particularly efficient in detecting binding site similarity in the absence of sequence or fold conservation conrmed that Hsp90 and B-Raf binding sites signicantly differ (see Experimental section for details). Thus, demonstration of dual inhibition properties was far from being obvious.
Remarkably, both compounds displayed similar activity against mutant B-RafV600E, which is of considerable potential for cancer treatment.
If synergy exists between two targets, as is the case for Hsp90 and B-Raf, [9] [10] [11] [12] [13] [14] [15] it is conceivable that dual inhibitors with only moderate activity might still produce superior pharmacological effects in terms of efficacy and safety as compared with highly potent compounds that only inhibit a single target. 26, 27 Remarkably, the discovered compounds displayed a balanced level of activity among Hsp90, B-Raf, and mutant B-Raf, which makes them especially promising in a polypharmacology approach context 18, 26, 27 More in general, this study provides the rst direct proof that designing dual ligands of Hsp90 and a kinase is possible, thus opening the way to new interesting possibilities in drug discovery based on rational polypharmacology approaches.
Experimental section

X-ray structures and pharmacophore model
For B-Raf, eight crystal structures in complex with potent inhibitors were selected for which high condence activity data were available (Table S1 †). 28 In addition, for Hsp90, 19 structures of inhibitor complexes with Ki values of less than 10 mM were selected (Table S1 †). Analysis of these structures identied two inhibitors with a structurally related scaffold for B-Raf with Protein Data Bank (PDB) 29 code 3IDP 22 and Hsp90 with PDB code 3RLR 23 (Fig. 1A) . The bound conformations of these inhibitors (termed L1E and 3RR) were superposed and a basic pharmacophore model was derived using the Molecular Operating Environment 2014.09 (MOE) 30 that included a hydrogen bond donor, a hydrogen bond acceptor, and an aromatic center (Fig. 1B) . These features were likely to engage in key interactions with both targets. 22, 23 Compound database and pre-ltering A database of 4 805 970 unique compounds was obtained by merging the catalogs of 10 vendors (including AMRI, Aronis, Asinex, ChemBridge, Enamine, InterBioScreen, Life Chemicals, Maybridge, Otava and Vitas-MLab). A SMARTS string representing the shared scaffold ( Fig. 1A ) was used to lter the database with OpenBabel 2.3.2 (ref. 31 ) that permitted possible heteroatoms and substitutions preserving the aromatic character of the rings (Fig. 1A) . On the basis of this search, 15 167 compounds were pre-selected and prepared for docking with MOE by computing protonation states and partial charges and optimizing structures by energy minimization.
Protein structure preparation
In X-ray structure 3IDP, 15 residues (residues from 598 to 613) of the activation loop were missing. 22 An initial conformation of this loop was obtained by adding the missing residues with MOE followed by relaxation of the loop structure and renement with ModLoop. 32 This tool generates 300 loop conformations and returns the one with the most favorable energy score. The 3IDP and 3RLR template structures were prepared for docking with MOE by adding hydrogen atoms and calculating atomic partial charges according to the MMFF94x force eld. All water molecules were removed except for one water molecule in Hsp90 (number 2 according to 3RLR residues numbering) that was known to be involved in a conserved network of hydrogen bonds between Hsp90 and several inhibitors. 23, 33, 34 Docking Docking calculations on Hsp90 and B-Raf binding were performed with the Dock module of MOE. 30 The binding sites were dened by the coordinates of the co-crystallized ligands. The pharmacophore model (Fig. 1B ) was used to guide docking of the 15 167 pre-selected compounds. In each case, 1000 docking poses were generated with the pharmacophore placement function of MOE. Docking poses were ranked on the basis of force eld scoring and for each ligand, the top 10 poses were selected and subjected to energy renement and re-scoring. Ultimately, the best-scoring poses were ranked and retained if they matched the pharmacophore model in a post-ltering step. For both targets, highly ranked compounds were visually inspected to aid in the nal selection of 20 candidate compounds for experimental evaluation. Test compounds were also computationally screened for pan assay interference compounds (PAINS) 35 using publicly available lters 36 and aggregating compounds using the ZINC/UCSF aggregator advisor. 37
Enzyme assays
Candidate compounds were assayed for in vitro inhibitory activity against both targets. B-Raf. B-Raf assays were performed at BPS, San Diego, using the Kinase-Glo Plus luminescence kinase assay test system (Promega). 38, 39 Selected compounds were rst dissolved in 10% DMSO, then 5 ml of the resulting solution was added to 50 ml of a reaction mixture containing 40 mM Tris pH 7.4, 10 mM MgCl 2 , 0.1 mg ml À1 BSA, 1 mM DTT, 0.1 mg ml À1 inactive MEK1 substrate, 10 mM ATP and B-Raf kinase. A nal concentration of 1% DMSO was obtained in all solutions. All enzymatic reactions were conducted at pH 7.4 and 30 C for 40 minutes. Aer the enzymatic reaction, 50 ml of the Promega kit was added to each reaction and plates were incubated for 5 minutes at room temperature. Finally, luminescent signals were measured using a BioTek Synergy 2 microplate reader. Assays were performed in duplicate at each concentration. The luminescence data were analyzed using the computer soware Graphpad Prism and IC 50 values and titration curves were evaluated ( Table 2 , Fig. S2 †) . Vemurafenib was used as a control B-raf inhibitor. 40 The same protocol was used to determine the inhibitory activity against the B-RafV600E mutant.
Hsp90. Hsp90 assays were performed at Nerviano Medical Sciences (NMS) using a displacement uorescence polarization technique. 41 Recombinant HSP90a preparations were >80% pure on the basis of SDS-PAGE, N-terminal sequence analysis, and electrospray mass spectrometry. Candidate compounds were rst solubilized at 10 mM in 100% DMSO, then serially diluted 1 to 3 (10 concentrations) in duplicate in 384 well plates. Aerwards they were directly diluted in the reaction mixture in order to obtain compound concentrations ranging from 0.005 to 100 mM and a nal DMSO concentration of 1%. An Hsp90a binding probe (HBP) was synthesized by coupling an ATPcompetitive standard compound to the uorophore Atto-610 (Atto-Tec GmbH, Germany). HBP bound to the N-terminal ATP binding site, as proven by complete displacement by reference inhibitors BIIB021, geldanamycin and CCT018159. 42, 43 Using a Beckman NX instrument, 19 ml of the reaction mix (50 nM Hsp90a protein and 50 nM HBP nal concentration) were dispensed in 384-well black plates (with no binding surface, Corning 3575). Protein and probe were diluted in 50 mM Hepes pH 7, 100 mM KCl, 5 mM MgCl 2 , 1 mM EDTA, 0.001% Triton. For negative (low control, LC) and positive (high control, HC) controls, HBP alone or Hsp90a + HBP were dispensed in the well, respectively. The compounds in 100% DMSO at a volume of 0.19 ml were dispensed in the working plate using a pin-tool head. For LC and HC, only DMSO was added to a nal concentration of 1%. A SAFIRE2 (TECAN) microreader was used to read the plates (Ex 590 nm and Em 630 nM, G factor calculated with negative control was 0.854). For IC 50 determination, all data were analyzed using the program Prism5, which provides sigmoidal ttings of the doseresponse curves using a four-parameter logistic equation. Results are reported in Table 2 and Fig. S3 . † BIIB021 was used as a reference inhibitor. 42 
Orthogonal assay
To test for potential false-positive Hsp90 and/or B-Raf assay readouts as a consequence of compound aggregation, an orthogonal enzyme assay was carried out at NMS focusing on inhibition of Poly(ADP-Ribose)-Polymerase 1 (PARP-1). Recombinant PARP-1 preparations were >80% pure on the basis of SDS-PAGE, N-terminal sequence analysis and electrospray mass spectrometry. A uorescence polarization assay was conducted to evaluate the displacement of a PARP-1 Binding Probe (PBP) synthesized as described previously. 44 The NAD + competitive PARP-1 inhibitor olaparib was used as a control. 45 The compounds were solubilized, serially diluted and dispensed in 384-well black plates by following the same procedure described for the Hsp90 assays. 19 ml of the reaction mixture (nal concentration of 250 nM PARP-1 protein and 50 nM PBP) were dispensed in 384-well black plate. Protein and probe were diluted in 50 mM Tris/HCl pH 8, 150 mM NaCl, 10 mM MgCl 2 , 0.001% Triton. Plate reading (G factor calculated with negative control was 1.160) and IC 50 determinations were then performed as described for Hsp90. Results are shown in Fig. S4 . †
Binding site similarity calculations
Hsp90 and B-Raf binding sites were compared using VolSite and Shaper. 46 Crystal structures of human B-Raf and Hsp90 were collected from the PDB (accessed on February 2017) 29 and chains were split, leading to two nal sets of 119 and 244 structures for B-Raf and Hsp90, respectively. For each set, structures were aligned with the Align Binding Sites tool available in Maestro (version 10.3) 47 and a representative structure for each signicantly different conformation was selected, obtaining a nal set of 9 representative conformations for B-Raf and 11 for Hsp90. The proteins were prepared with the Protein Preparation Wizard utility of Maestro 10.3. Binding sites were then described with VolSite and compared with Shaper, using default settings. 46 All ligand and water molecules were removed from the representative structures, except for water molecules involved in a conserved network of hydrogen bonds between Hsp90 and the co-crystallized inhibitors. 34 An average RefTversky similarity score of 0.33 was obtained, which was below the statistical threshold of 0.35 that distinguishes similar from dissimilar binding sites. 46 
